Background: Circulating microRNAs (miRs) are currently being investigated as novel biomarkers for osteoporosis and osteoporotic fractures. Aim: The aim of this study was to investigate serum levels of specific microRNAs, known regulators of bone metabolism, in postmenopausal women with low bone mass and with or without vertebral fractures (VFs). Methods: For the analysis, 14 miRs were isolated from the serum of 35 postmenopausal women with low bone mass and with at least one moderate VF and 35 postmenopausal women with low bone mass without fractures. Thirty postmenopausal women with normal BMD values and no history of fractures served as controls. Main outcome parameters were changes in the expression of selected miRs in the serum of patient population and compared with controls. Results: From the 14 miRs that were selected, we identified 5 miRs, namely miR-21-5p, miR-23a, miR-29a-3p, miR-124-3p and miR-2861 that were significantly deregulated in the serum of patients with low bone mass compared with controls. Serum miR-124 and miR-2861 were significantly higher, whereas miR-21, miR-23 and miR-29 were lower in patients compared with controls. In a sub-group analysis of the patient population, the expression of miR-21-5p was significantly lower among osteoporotic/osteopenic women with VFs, showing 66% sensitivity and 77% specificity in distinguishing women with a vertebral fracture. Conclusion: This study identifies a differential expression pattern of miR-21-5p in the serum of women with low BMD and VFs.
Introduction
Osteoporosis is a systemic skeletal disorder characterized by low bone mass and impaired bone microarchitecture due to imbalance between bone formation and resorption during the remodeling cycle, leading to decreased bone strength and increased risk of fragility fractures (1, 2) .
In current clinical practice, measurement of bone mineral density (BMD) by dual-X-ray absorptiometry (DXA) (3) and calculation of fracture risk assessment (FRAX) score (4) are used for the evaluation of fracture risk. Despite the technological improvements of the last decades in the diagnostic equipment, with more advanced DXA machines and software, the estimation of fracture risk is still far from being optimal. BMD values measured by DXA demonstrate significant overlap between patients with and without fragility fractures (5) . Furthermore, the predictive value of FRAX score among patients with an available BMD measurement is likely to be suboptimal in patients with low lumbar spine but preserved femoral neck BMD (6) .
In recent years, epigenetics presents as a new discipline that attempts to explain significant differences in phenotypes among patients with the same disease, such as diabetes mellitus or cancer (7) . In contrast to the other epigenetic mechanisms that modulate gene transcription, micro RNAs (miRs), that are small non-coding RNAs, acting at the post-transcriptional level, directly modulate the gene expression of mRNA genes through the formation of an RNA-induced silencing complex, which leads to mRNA target cleavage and degradation and translation repression (8) .
Several in vitro and ex vivo studies have reported the role of miRs in the regulation of cellular functions of bone cells such as proliferation, differentiation and apoptosis (9) . Tissue expression of certain miRs is highly associated with their presence in the serum of osteoporotic patients (10) . Furthermore, expression of certain miRs in the serum of patients with osteoporotic fractures may positively or negatively affect osteoblast activity (11) , suggesting that circulating levels of these miRs may be directly linked to altered bone metabolism.
Given the important role of osteoblast (12) , and osteoclast (13) function and survival in the development and progress of osteoporosis, circulating miRs that control their operational status could be used as biomarkers of decreased bone mass and increased fracture risk. To address this issue, we investigated the differential expression of specific miRs known to affect osteoblast and osteoclast function in osteoporotic and osteopenic women with or without vertebral fractures (VFs).
Patients and methods

Study design
This was a multicenter cross-sectional observational study that included 70 postmenopausal women with osteopenia/ osteoporosis in the lumbar spine (LS) and/or total hip (TH) or femoral neck (FN). Thirty-five of them had at least one moderate fragility VF, Grade 2 according to the Genant's semiquantitative method, whereas the remaining 35 had no history or presence of VFs in recent X-rays. Exclusion criteria were (i) history or presence of bone disease other than primary osteoporosis (e.g. primary or secondary hyperparathyroidism), (ii) medication known to affect bone metabolism (e.g. glucocorticoids, calcimimetics or anti-osteoporotic agents with the exception of previous treatment with denosumab and teriparatide with at least one-year drug-free period before enrollment), (iii) hip fracture or hip or knee replacement within 6 months before enrollment, (iv) history of high energy fractures, (v) any type of cancer, (vi) renal and/or liver failure, (vii) diabetes mellitus, (viii) uncontrolled hypothyroidism or hyperthyroidism and (ix) vitamin D deficiency (defined as serum 25-OH-vitamin D levels <20 ng/dL). Thirty healthy postmenopausal women with normal BMD and no history or X-ray evidence of fracture were recruited from the AHEPA hospital personnel and included in the study as controls. The quantification of bone mineral density (BMD, g/cm 2 ) was performed using dual-energy X-ray absorptiometry (DXA) at the dominant proximal FN and TH and the LS (L2-L4). All participants had standardized radiographs in antero-posterior and left lateral projections of the thoracic and lumbar spine and were asked about a history of fracture at non-vertebral sites. The radiographs were examined by an experienced skeletal radiologist. Body mass index (BMI) was calculated for each participant as the ratio between weight (kg) and height squared (m 2 ).
The study was approved by the Institutional Review Board of AHEPA University Hospital (Approval Number: 2468), and all participants gave their informed consent.
Patient's characteristics
Approximately 90% (n = 62) of the patients were treatment naïve at the time of the sampling, whereas 8 patients had previously received anti-osteoporotic treatment as following: teriparatide 20 μg/day (n = 5) and denosumab 60 mg/6 months (n = 3). Drug-free period for these patients ranged between 1 and 8 years (mean duration, 2.2 years). The number of VFs ranged from 1 to 9, and five of the patients with VFs had also had a fragility non-vertebral fracture (Colles' fracture (n = 2), forearm fracture (n = 1) and hip fracture (n = 2)).
Sample processing
Whole blood was collected in tubes containing clot activator and left at room temperature for at least 10 min and less than an hour before centrifugation for 10 min at 1900 g and 4°C. Serum phase was transferred to conical tubes and centrifuged again for 10 min at 16 000 g and 4°C in a fixed-angle rotor to remove additional cellular nucleic acids attached to cell debris. Serum was frozen in aliquots at −80°C until further processing.
To process frozen lysates, samples were incubated at 37°C in a water bath until completely thawed and salts were dissolved. After thawing, serum samples were centrifuged for 5 min at 16 000 g and 4°C to remove cryoprecipitates.
Levels of total alkaline phosphatase (ALP), total calcium, albumin and creatinine were determined by routine laboratory methods.
Selection of microRNAs primer assays
Selection of microRNAs was based on existing literature on specific microRNAs that were reported to correlate with bone metabolism both in serum and tissue samples. In addition, the following databases 1. miRBase (14) (20) were searched to identify biological targets of microRNAs in humans, searching for 8mer, 7mer and 6mer sites that match the seed region for each microRNA, using conserved sites and the best cumulative scores. Twelve microRNAs that fulfilled the above criteria were finally selected for analysis (Table 1) . We additionally measured miR-422 and miR-133a that were previously reported in circulating monocytes of women with low BMD (21, 22) .
Isolation of microRNAs from the serum
miRNAs were extracted from 200 µL of serum sample using the miRNeasy Serum/Plasma Kit, according to the manufacturer's instruction (Qiagen). During the purification process, a synthetic RNA sequence (spike ins: C. elegans miR-39) was added in appropriate amounts to serum preparations after homogenization with the QIAzol lysis reagent to control for variations in recovery 
Reverse transcription and PCR analysis
After elution, 2 μL were used as a template for reverse transcription with the miScript II RT Kit (Qiagen). After completion, each reverse transcription reaction was diluted to 220 μL with RNase-free water, and 1 μL was used as template for each single miR assay (Table 2) , according to the manufacturer's instruction (Qiagen). A panel of 3 invariant miRs, two snoRNAs (SNORD95 and SNORD96A) and one snRNA (RNU6-2) was used to normalize for variability in sample loading and real-time RT-PCR efficiency. Cycling was performed under standardized conditions with 2× QuantiTect SYBR Green PCR Master Mix on the QIAGEN Rotor-Gene Q (Corbett Rotor-Gene 6000) real-time PCR cycler. Performance of PCR was done in triplicates.
Statistical analysis
Resultant data on mean CT values for each microRNA were exported and uploaded to the QIAGEN Website for analysis, where a classic ΔΔC T calculation and a log2 transformation provided normalized fold-difference values for the microRNA targets. The software used for analysis was supported by SABiosciences (miR primer assay data analysis version 3.5, GeneGlobe Data Analysis). Mean C T values less than 33 were used as the cutoff threshold as recommended by the software instructions. All analyses were based on fold-change (2 Data on biochemical and anthropometric results are given as means ± standard deviation (s.d.). Normal distribution was evaluated by the Kolmogorov-Smirnov test. One-way ANOVA followed by Bonferroni's multiple comparison tests and/or Dunnett test or a Kruskal-Wallis test was performed to assess the differences between groups, as applicable. Pearson correlation coefficient or Spearman's rank correlation coefficient was used for associations between relative serum expression of miRs and bone parameters of the study population, as applicable. Receiver-operating characteristic curves were analyzed to assess the specificity and sensitivity of specific microRNAs for osteoporotic postmenopausal women with VFs. All P values are two-sided and a value of P < 0.05 was considered as statistically significant.
Results
Quality control
To determine the efficiency of RNA extractions and/or the presence of inhibitors in cDNA synthesis or in PCR, we quantified the levels of the spike-in added before RNA extraction by real-time PCR. All cDNAs expressed the spike-in control at normal levels (C t <22 cycles). Statistical analysis confirmed the absence of outliers in the C t values for the spike-in.
Study population
Anthropometric characteristics, biochemical parameters and BMD values of the study population are depicted in Table 3 . Bone mineral density did not differ significantly between patients with osteoporosis/osteopenia and VFs compared with patients without VFs.
Differential expression of selected microRNAs in the serum of osteoporotic patients
Two circulating miRs from the 14 tested (miR-124-3p and miR-2861) were significantly higher (>2 fold-change), whereas 3 miRs (miR-21-5p, miR-23a-3p and miR-29a-3p) were significantly lower (fold-change <1) in the serum of osteoporotic patients (n = 70) compared with controls (n = 30) ( Table 4) .
Similar results were obtained when osteoporotic patients with (group 2) and without (group 1) VFs were compared with the controls separately (Fig. 1) . In the subgroup comparisons between the two groups of patients with low bone mass, miR-21-5p was significantly lower in those with VF (fold-change; 0.70, CI; 0.48, 0.92, P = 0.04).
No correlation was found between the relative expression of the tested miRs and age, creatinine levels, calcium levels, BMD or T-score at any skeletal site or the number of fractures.
A ROC analysis was performed for the differentially expressed microRNAs in the serum of osteoporotic/ osteopenic patients to assess their potential value in distinguishing between women with and without VFs. The associated area under the curve (AUC) of miR-21-5p was 0.66 (95% CI 0.50, 0.81, P = 0.040) showing a sensitivity of 66% and 71% and a specificity of 71% (Fig. 2) .
The AUC for miR-29a-3p was 0.61 (95% CI 0.45-0.77, P = 0.180) and for miR-23a-3p was 0.63 (95% CI 0.47-0.79, P = 0.115). 
Discussion
In this study, we investigated miR patterns in the serum of osteoporotic and osteopenic patients with and without VFs. Among the miRs that were differentially expressed in the serum of our patient population compared with controls, namely miR-124-3p, miR-2861, miR-21-5p, miR-23a-3p and miR-29a-3p, we found that miR-21-5p serum levels were significantly lower in patients who had sustained VFs compared with those without fractures. Studies on circulating miRs in patients with bone diseases have only recently been reported, and some of them are restricted to circulating monocytes, as these are the cells that can differentiate into osteoclasts and secrete osteoclastogenic factors (21) . In the early studies of Wang et al. (22) and Cao et al. (21) , miR-133a and miR-422a respectively, were found to be significantly higher in circulating monocytes of women with low BMD compared with women with high BMD. In both studies, the upregulated miRNAs were negative regulators of osteoclastogenesis (21, 22) , which is in line with the role of circulating monocytes in bone homeostasis as precursors of the osteoclasts. In our study, we found no difference in the serum levels of miR-133a and miR-422a between patients with low BMD with or without VFs and controls. Our results would appear to be in conflict with these early studies. However, as Wang et al. (22) reported in their study, miR-133a and miR-422a seem to display a selective, monocyte-specific role in postmenopausal osteoporosis, as in circulating B-cells, miR-133a expression was no longer upregulated. In addition, it is worth noting that, according to several databases (14, 15, 16, 17, 18, 19, 20) , these two miRs do not seem to play significant role in the RNA expression of osteoblast-or osteoclast-related genes in humans.
In our study, serum levels of miR-124-3p and miR-2861 were higher in postmenopausal women with low bone mass compared with those with normal BMD. MiR-124-3p has been reported to inhibit osteoclastogenesis by suppressing nuclear factor of activated T-cells (NFATc1) and receptor activator of nuclear factor kappa-B ligand (RANKL)-mediated osteoclast differentiation of mouse bone marrow macrophages (23) . MiR-2861, on the other hand, targets histone deacetylase 5 (HDAC5), a transcriptional co-repressor that antagonizes Runx2-mediated bone formation (24) . Therefore, the increased expression of miR-2861 and miR-124-3p in the serum of our patients with low bone mass could reflect a compensatory mechanism of the bone tissue in response to menopause-induced bone loss, enhancing osteoblast differentiation (25) and inhibiting osteoclastogenesis respectively. We have also found significantly lower levels of miR-21-5p, miR-23a-3p and miR-29a-3p in the serum of osteoporotic/osteopenic women compared with controls. Interestingly, serum levels of miR-21-5p were significantly lower in patients who had suffered at least one VF compared with those without fractures.
Induction of miR-21 regulates the expression of the genes sprouty homolog 1 (SPRY), an antagonist of FGF signaling, and programmed cell death 4 (PDCD4), a neoplastic transformation inhibitor (25) . Through the transcriptional repression of SPRY and PDCD4 genes, miR-21 regulates the activation of c-Jun-N-terminal kinase (JNK/c-Jun) and extracellular signal-regulated kinase (ERK/NF-κb) signaling. Thus, decreased expression of miR-21-5p inhibits ERK and JNK activation by increases of Pdcd4 and Spry1 protein levels respectively, decreasing osteoclastogenesis (26) . MiR-23-3p, on the other hand, is a known repressor of Runx-2 transcription.
Our results would appear to be in conflict with Seeliger et al. (10) and Panach et al. (27) who demonstrated that miR-21-5p (10, 27) and miR-23a-3p (10) were upregulated in the serum and bone tissue of patients with osteoporotic fractures compared with controls. These discrepancies among studies are probably attributed to differences in the patients' populations and controls selected in each study. Seelinger et al. (10) compared the differential expression of circulating miRs in patients with osteoporotic hip fractures (men and women) vs patients with non-osteoporotic fractures, whereas Panach et al. included a group of osteoporotic patients with hip fractures compared with osteoarthritic patients with normal BMD values and no fractures (27) . Fracture, however, in osteoporotic, osteoarthritic or normal bone tissue is a significant event that affects bone homeostasis and triggers significant changes in the molecular signaling pathways that interact during bone remodeling. In our study, controls were healthy postmenopausal women with normal BMD values who had never sustained a fracture before. Moreover, some changes in circulating miRs may be time dependent.
In our study, data on the specific time of fracture were not available, and this may have contributed to the different results that were obtained. In line with our results, Li et al. (28) also reported a significant decrease in miR-21-5p expression in cell-free plasma samples of osteoporotic Chinese women compared with women with osteopenia.
The miR-29 family is one of the best-characterized microRNA families with regard to osteoblast function (29) , being key regulators of collagen expression, and they have not been described before in the serum of patients with osteoporosis. MicroRNA-29a additionally induces beta-catenin protein levels, indicating the activation of canonical Wnt signaling (30) . MiR-29a, miR-29b and miR29c expression has been investigated in the serum and tissue of patients with osteosarcoma and was found to be significantly upregulated compared with normal controls (31) . The serum levels of miR-29a and miR-29b were both independent prognostic factors of overall survival and disease-free survival of osteosarcoma patients. In our study, serum levels of miR-29a-3p were significantly lower in patients with low bone mass compared with controls, and in patients with VFs compared with those without VFs, albeit without reaching statistical significance.
Our study has certain limitations. The major limitation is its cross-sectional design, as the circulating miRs could be altered during the course of the disease. Furthermore, data regarding the specific time of fracture were not available. Another limitation is that a small fraction of our patients were not treatment naïve. However, the effect of the agents that they had received would be expected to be well washed out, when serum samples were obtained. Finally, our research was restricted to specific circulating miRs instead of performing an array analysis mainly due to funding restrains. However, the miRs that were finally selected are known as immediate gene regulators of bone metabolism and definitely conserved in humans.
Our data are compatible with the known pathophysiological mechanisms in bone biology, thereby supporting and suggesting the design of prospective studies to establish a critical role of miRs in the evaluation of bone strength attenuation.
In conclusion, we have found a differential expression of specific miRs such as miR-21-5p in the serum of osteoporotic/osteopenic patients with VFs compared with patients without VFs. Identification of miR signatures in the serum of patients with low BMD and fractures, which unlike classical markers, can reflect the cellular and molecular processes involved, is currently under intensive investigation and is considered a critical step toward the optimization of diagnosis and treatment of bone diseases.
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